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Eight geographic populations of Brachionus calyciﬂorus collected from China in August 2007 were
cultured at 18 1C, 23 1C and 28 1C with 3.0106 cellsmL1 of alga Scenedesmus obliquus to investigate
their differences in life table demography. The results showed that the response in each of the life table
demographic parameters (age-speciﬁc survivorship and fecundity, life expectancy at hatching,
generation time, net reproductive rate, intrinsic rate of population increase and proportion of sexual
offspring) to increasing temperature differed with geographic population. Life expectancy at hatching,
generation time, net reproductive rate and intrinsic rate of population increase were all signiﬁcantly
inﬂuenced by temperature, geographic population and their interaction and indirectly affected by the
changes in body size and egg volume of the rotifers; however, the proportion of sexual offspring
produced by the rotifers was markedly inﬂuenced only by geographic population. Among all the
combinations of temperature and geographic population, the generation times of Guangzhou and
Hainan populations at 18 1C were the longest, and the intrinsic rate of population increase of the Tai’an
population at 18 1C was the lowest. Among all the eight geographic populations, the proportion of sexual
offspring produced by Xuzhou population was the highest. Although the higher proportions of sexual
offspring produced by all the geographic populations of rotifers (9.7–41.1%) might lead to higher resting
egg productions, and thus to wide spread of the rotifers among the eight geographic populations, their
differences in life table demography might be regarded as the results of adaptation to the different
environmental conditions faced by them in the ﬁeld.
& 2009 Elsevier GmbH. All rights reserved.Introduction
Rotifers are among the smallest metazoans, and their repro-
ductive rates are the highest among the metazoans. Most
planktonic rotifers have a cyclically parthenogenetic reproduction
that accelerates selection so that population processes can be
investigated over a relatively short timespan, but sexual repro-
duction is periodically induced by speciﬁc environmental factors,
which results in a diapausing embryo that can withstand harsh
conditions and widely spread through water ﬂow and bird
migration.
Theoretically, a rotifer population should have genetic, ecolo-
gical and morphological differentiations in time and space.
Researches on the ecological differentiation of a rotifer population
focus mainly on its seasonal variation. Zhao and King (1989)
studied the seasonal difference of the life history of Brachionus
plicatilis collected from the Soda Lake, Nevada, USA. Cheng (2008)
analyzed the seasonal variations in population growth, sexual. All rights reserved.
.reproduction and life history characteristics of B. calyciﬂorus
collected from Lake Liantang in Wuhu, China. Fewer studies were
made on the spatial differentiation of ecological characteristics of
a rotifer population. Although some researchers reported the
ecological differences among geographic strains of B. plicatilis,
B. angularis and B. calyciﬂorus (e.g., Snell and Carrillo 1984;
Hagiwara et al. 1995; Dong et al. 2004; Xi et al. 2004; Xi et al.
2005; Hu and Xi 2006, 2008), most of them investigated only a
single or several clones, which were not enough to represent their
respective populations.
Life table demography is an important approach in under-
standing the life history strategy and population dynamics of
zooplankton under continuously changing environmental condi-
tions. Life table demographic studies on a cohort of a brachionid
population can provide information on age-speciﬁc mortality
and fecundity. Some parameters such as survivorship, fecundity,
average lifespan, generation time and population growth rate can
provide valuable insight into the suitability of the ambient
conditions for the zooplankton (Stearns 1976). In the present
study, life table demography was used to investigate the
ecological differentiation among eight geographic populations of
B. calyciﬂorus from China. To avoid the possible effect of the
ARTICLE IN PRESS
Q. Ma et al. / Limnologica 40 (2010) 16–22 17seasonal differentiation already demonstrated by Zhao and King
(1989) and Cheng (2008) on the spatial differentiation of ecologic
characteristics, eight geographic populations of B. calyciﬂoruswere
collected from eight geographic regions in China, where the
differences in water temperature among the sampling sites at the
time of collection (August 2007) were minimal (27–35 1C).Table 1
Temperatures (1C) at sampling sites for eight geographic populations of B.
calyciﬂors from China.
Sampling
sites
Annual mean
temperature
Water temperature when
the rotifers were collected
Hainan 25 27
Guangzhou 23 33
Anqing 18 35
Wuhu 17.3 34
Nanjing 16.9 28
Xuzhou 15.8 30
Tai’an 14.2 30
Tianjin 13.2 30Materials and methods
Eight geographic populations of B. calyciﬂorus were, respec-
tively, collected from Hainan (109.301E, 19.301N), Guangzhou
(113.141E, 23.081N), Anqing (117.021E, 30.311N), Wuhu (118.221E,
31.211N), Nanjing (118.441E, 32.051N), Xuzhou (117.091E, 34.141N),
Tai’an (117.071E, 36.111N) and Tianjin (117.101E, 39.061N) of China
in August 2007 (Fig. 1). The temperatures at the eight sampling
sites are presented in Table 1. More than 30 rotifers were
randomly removed from each geographic population, and each
of them was clonally cultured at 2571 1C on a 16:8 light:dark
photoperiod at 130 lx provided by a ﬂuorescent light for over 3
months. These cultures were fed 3.0106 cellsmL1 of
Scenedesmus obliquus daily. The alga was grown in semi-
continuous culture using HB-4 medium (Li et al. 1959)
replenished daily at 20%. Algal cells in exponential growth were
concentrated by centrifuging and then resuspended in the rotifer
medium, which contained 100mg KNO3, 40mg K2HPO4, 62mg
MgSO4 7H2O and 144mg Ca(NO3)2 4H2O/1000mL of 0.002M
NaH2PO4–Na2HPO4 buffer (pH 7.3) prepared in double-distilled
water (Gilbert 1963). Algal cell concentration was measured with
a hemacytometer.
Life table experiment was carried out at 18, 23 and 28 1C on
cohorts of 10 individuals. For the experiment, we used 240 5-mL
transparent jars (3 temperatures8 geographic populations10
replicates), each containing 3mL of rotifer medium with 3.0106
cellsmL1 of S. obliquus. Ten clones from each geographic
population were used as 10 replicates. Into each of these vessels
we introduced 10 neonates (o2h old). Following inoculation,
every 8h we counted the number of original test individuals alive
and the number of neonates produced from each cohort; every
day the original test individuals alive were transferred into freshFig. 1. Sampling sites for eight geographic pjars, each containing 3mL of rotifer medium with 3.0106
cellsmL1 of S. obliquus. Dead individuals were eliminated, and
the neonates produced from each cohort were removed into
another fresh jar and cultured at the same condition as stated
above to calculate the proportion of sexual offspring. The
experiment was continued until the last adult individual of every
cohort died. Based on the data collected, we derived the following
variables: age-speciﬁc survivorship (lx) and fecundity (mx), life
expectancy at hatching (e0), net reproductive rate, generation time
and intrinsic rate of population increase. The following formulae
(Pianka 1988) were used:
Net reproductive rate ðR0Þ ¼
X1
0
lxmx
Generation time ðTÞ ¼
P
lxmxx
R0
For intrinsic rate of population increase (r), ﬁrst we calculated
an approximation using
r-rough ¼ lnR0=Topulations of B. calyciﬂors from China.
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Fig. 2. Age-speciﬁc survivorships and fecundities of eight geographic populations of B. calyciﬂors at three temperatures. HN: Hainan, GZ: Guangzhou, AQ: Anqing, WH:
Wuhu, NJ: Nanjing, XZ: Xuzhou, TA: Tai’an, TJ: Tianjin.
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Xn
x¼0
erxlxmx ¼ 1
In order to analyze the possible indirect effects of changes in
body size and/or egg size on the life table demography, we
measured body and egg sizes of the eight geographic populations
of B. calyciﬂorus. A total of 240 clonal populations (3
temperatures8 geographic populations10 replicates) were
ﬁrst allowed to grow exponentially in 8mL test tubes containing
5mL of rotifer medium with 3.0106 cellsmL1 of S. obliquus for
6 days. Then 15 animals from each clonal population were placed
into each of three replicates tubes. Rotifers were transferred daily
to new test tubes also containing 5mL of rotifer medium with
3.0106 cellsmL1 of S. obliquus. After 3 days, length and width of
rotifer lorica, and two diameters of amictic eggs were measured
under a compound microscope using an ocular micrometer at a
magniﬁcation of 200. Body volume (Vb) was calculated as
Vb ¼ 0.20 a2b, where a and b are the length and width of rotifer
lorica (Zhang and Huang 1991). Egg volume (Ve) was calculated
using the formula Ve ¼ 4/3p (a2b+ab2)/16, where a and b are
the two diameters of the alipsoid egg (Sarma and Rao 1987).
All data were tested for normality using the one-sample
Kolmogrov–Smirnov procedure. Homogeneity of variances was
checked using Levene’s test. One- and two-way analyses of
variance (ANOVA) were conducted to identify signiﬁcant effects
of temperature as well as temperature, geographic population and
their interaction on each of the life history variables. Multiple
comparisons were conducted using Least Signiﬁcant Rank (LSR) to
determine which groups were signiﬁcantly different among the
three temperatures and among all the temperature geographic
population combinations for each of the eight geographic
populations.Table 2
Life expectancy at hatching (e0), generation time (T), net reproductive rate (R0), intrin
geographic populations of B. calyciﬂorus at three temperatures (mean7SE).
Geographic population Temp. (1C) e0 (h) T (
Hainan 18 159.6713.1a* 10
23 93.476.4b 6
28 87.276.1b 5
Guangzhou 18 173.875.6a 10
23 111.876.8b 6
28 87.873.8c 5
Anqing 18 130.775.3a 8
23 62.073.3b 4
28 50.372.4c 3
Wuhu 18 107.976.9a 6
23 70.973.8b 4
28 45.671.8c 3
Nanjing 18 135.178.4a 8
23 65.673.1b 4
28 52.772.5b 3
Xuzhou 18 149.874.0a 9
23 66.672.6b 4
28 47.871.4c 3
Tai’an 18 78.174.1a 5
23 59.471.9b 4
28 51.674.4b 3
Tianjin 18 148.273.4a 8
23 76.476.4b 4
28 61.473.7c 4
*Represent the mean7standard error values. Letters indicate sample means that are si
temperatures (Least Signiﬁcant Rank multiple comparison test).Results
The age-speciﬁc survivorships of all the eight geographic
populations decreased with increase in temperature, except for
Hainan population whose age-speciﬁc survivorships at 23 and
28 1C were not signiﬁcantly different. At both 18 and 28 1C, the
age-speciﬁc survivorships of Guangzhou and Hainan populations
were similar and the highest among the eight geographic
populations. At 23 1C, the age-speciﬁc survivorship of Guangzhou
population was the highest among the eight geographic popula-
tions. At all the three temperatures, the age-speciﬁc survivorship
of Tai’an population was the lowest among the eight geographic
populations (Fig. 2).
The fecundity peak of Guangzhou population at 28 1C was
higher than that at 18 1C, but both of them were similar to that at
23 1C. The fecundity peak of each of the other geographic
populations was not signiﬁcantly different among all the three
temperatures (Fig. 2).
The response in each of the life table demographic parameters
to increasing temperature differed with geographic population of
B. calyciﬂorus. The life expectancies at hatching of Guangzhou,
Anqing, Wuhu, Xuzhou and Tianjin populations decreased with
increase in temperature. The life expectancies at hatching of
Hainan, Nanjing and Tai’an populations at 23 and 28 1C were
similar but were shorter than those at 18 1C (Table 2).
The generation times of Hainan, Nanjing, Tai’an and Tianjin
populations at 23 and 28 1C were similar but were shorter than
those at 18 1C. The generation times of Guangzhou, Anqing, Wuhu
and Xuzhou populations decreased with increase in temperature
(Table 2).
The net reproductive rates of Hainan, Anqing, Nanjing and
Tianjin populations at 23 and 28 1C were similar but were lower
than those at 18 1C. The net reproductive rate of Xuzhou
population decreased with increase in temperature, but those ofsic rate of population growth (r) and proportion of sexual offspring (PS) of eight
h) R0 (ind) r (/d) PS (%)
1.576.2a 14.771.6a 0.7570.03b 13.172.5
6.773.9b 8.571.2b 0.8270.08b 10.472.9
7.173.8b 10.371.1b 1.1170.04a 12.372.2
6.873.6a 23.971.9 0.9170.04b 28.374.5
7.673.0b 17.472.1 1.1470.11b 15.973.7
4.771.2c 17.271.9 1.4070.09a 21.576.0
0.472.7a 18.772.0a 0.9970.03b 12.875.7
1.771.8b 9.070.9b 1.3870.06a 17.272.1
4.471.4c 7.671.0b 1.4370.13a 21.374.3
6.272.9a 14.771.8 1.0770.04b 17.873.9
5.373.0b 9.571.5 1.2670.08b 16.973.3
2.571.2c 9.671.0 1.7470.10a 17.973.4
7.474.3a 15.071.5a 0.8770.03b 12.073.3b
2.471.3b 6.570.6b 1.1270.07a 31.975.8a
7.171.8b 5.9770.9b 1.1770.10a 26.477.1ab
1.672.0a 20.671.4a 0.9570.03b 40.275.1
4.571.2b 10.271.6b 1.2970.09a 41.175.6
5.770.9c 5.870.7c 1.2370.10a 33.175.5
3.173.1a 2.070.2 0.3070.06 24.174.7
1.371.2b 6.271.9 0.9070.24 25.877.0
8.972.3b 5.072.1 0.6370.22 19.475.4
7.572.8a 19.170.9a 0.9670.04b 9.773.7
8.873.4b 9.271.0b 1.2270.08a 9.774.4
1.973.2b 9.871.3b 1.4570.12a 21.176.0
milar (same letter) or different (different letter) for each variable among the three
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Table 4
Body and egg volumes of eight geographic populations of B. calyciﬂorus at three
temperatures (mean7SE).
Geographic population 18 1C 23 1C 28 1C
Body volume (106mm3)
Hainan 3.55770.218 3.64870.202 4.06870.322
Guangzhou 4.48470.097 4.26770.144 3.48570.198
Anqing 2.15170.059 1.70270.130 1.68070.087
Wuhu 2.09570.101 1.94770.109 1.49770.086
Nanjing 2.05270.102 1.58270.070 1.39070.070
Xuzhou 2.73370.073 2.71270.146 2.44170.135
Tai’an 4.04470.424 3.00770.518 –
Tianjin 1.88870.082 1.72670.108 1.40871.417
Egg volume (105mm3)
Hainan 7.69970.462 8.59270.515 8.61870.613
Guangzhou 7.40270.168 8.25670.155 6.87170.410
Anqing 3.66570.065 3.18670.126 3.81670.092
Wuhu 3.92070.147 3.87670.103 3.28770.188
Nanjing 4.15770.099 3.34870.143 3.29670.166
Xuzhou 4.61570.057 5.01870.185 4.86370.203
Tai’an 7.55770.759 6.20971.031 –
Tianjin 4.05370.065 3.50170.178 3.07870.167
Q. Ma et al. / Limnologica 40 (2010) 16–2220Guangzhou, Wuhu and Tai’an populations were not signiﬁcantly
affected by temperature (Table 2).
The intrinsic rates of population increase of Hainan, Guangz-
hou and Wuhu populations at 18 and 23 1C were similar but were
lower than those at 28 1C. The intrinsic rates of population
increase of Anqing, Nanjing, Xuzhou and Tianjin populations at 23
and 28 1C were similar but were higher than those at 18 1C. The
intrinsic rate of population increase of Tai’an population was not
signiﬁcantly affected by temperature (Table 2).
The proportion of sexual offspring produced by Nanjing
population at 18 1C was lower than that at 23 1C, but both of
them were similar to that at 28 1C. The proportions of sexual
offspring produced by all the other populations at the three
temperatures were similar (Table 2).
Life expectancy at hatching, generation time, net reproductive
rate and intrinsic rate of population increase of the rotifers were
all signiﬁcantly affected by temperature, geographic population
and their interaction, but the proportion of sexual offspring
produced by the rotifers was inﬂuenced only by geographic
population (Table 3). Among all the combinations of temperature
and geographic population, the generation times of Guangzhou
and Hainan populations at 18 1C were the longest and the intrinsic
rate of population increase of Tai’an population at 18 1C was
the lowest. Among all the eight geographic populations, the
proportion of sexual offspring produced by Xuzhou population
was the highest (Table 2).
Life expectancy at hatching, generation time, net reproductive
rate and intrinsic rate of population increase were all signiﬁcantly
correlated with both body size and egg volume (Table 4) of the
rotifers (for body size, r was 0.443, 0.464, 0.309 and 0.339,
respectively, all the P valueso0.01; for egg volume, r was 0.370,
0.396, 0.207 and 0.404, respectively, all the P valueso0.01),
indicating that they were indirectly affected by the changes in
body size and egg volume of the rotifers.Table 3
Effects of temperature on life expectancy at hatching, generation time, net
reproductive rate, intrinsic rate of population growth and proportion of sexual
offspring of eight geographic populations of B. calyciﬂorus (two-way ANOVA).
Source SS df MS F P
Life expectancy at hatching
Geographic population (A) 83155.36 7 11879.34 37.09 0.00
Temperature (B) 236159.94 2 118079.97 368.64 0.00
Interaction of AB 23030.02 14 1645.00 5.14 0.00
Error 67265.02 210 320.31
Generation time
Geographic population (A) 27441.93 7 3920.28 47.48 0.00
Temperature (B) 79929.33 2 39964.67 484.02 0.00
Interaction of AB 6934.50 14 495.32 6.00 0.00
Error 17339.47 210 82.57
Net reproductive rate
Geographic population (A) 3330.51 7 475.79 23.98 0.00
Temperature (B) 2426.85 2 1213.42 61.16 0.00
Interaction of AB 1108.08 14 79.15 3.99 0.00
Error 4166.76 210 19.84
Intrinsic rate of population growth
Geographic population (A) 0.018 7 0.003 17.867 0.00
Temperature (B) 0.013 2 0.006 42.664 0.00
Interaction of AB 0.004 14 0.000 1.772 0.04
Error 0.031 210 0.000
Proportion of sexual offspring
Geographic population (A) 1.407 7 0.201 9.432 0.00
Temperature (B) 0.015 2 0.007 0.342 0.71
Interaction of AB 0.454 14 0.032 1.521 0.11
Error 4.475 210 0.021Discussion
It was demonstrated that the response in survival of rotifers to
increasing temperature differed with strain. Although the life-
spans of C, F, P and M2 strains of Macrotrachela quadricornifera
decreased signiﬁcantly with increasing temperature, the lifespan
of M1 strain did not markedly decrease when the temperature
increased from 20 to 24 1C (Ricci 1991). The lifespans of Qingdao,
Wuhu and Guangzhou strains of B. calyciﬂorus were signiﬁcantly
reduced with increase in temperature, but the reduction rates
were different (Dong et al. 2004; Xi et al. 2005). Similarly, in the
present study, the life expectancies at hatching of Guangzhou,
Anqing, Wuhu, Xuzhou and Tianjin populations decreased with
increase in temperature, but those of Hainan, Nanjing and Tai’an
populations at 23 and 28 1C were similar.
The generation time is the average length of time between the
birth of an individual and the birth of its own offspring. As such, it
reﬂects changes in the time required to reach sexual maturity and
the developmental time. This was demonstrated by most of the
tested rotifer species and rotifer strains, whose sexual maturation
time, embryonic developmental time and generation time all
decreased with increase in temperature (Walz 1983 1987;
Galkovskaja 1987; Huang 1989; Awaiss and Kestemont 1992;
Perez-Legaspi and Rico-Martı´nez 1998; Xi and Huang 2000; Dong
et al. 2004; Hu et al. 2008; Tao et al. 2008). In the present study,
decreased generation time of B. calyciﬂorus with increasing
temperature was also the general trend. However, the response
in generation time of the rotifers to increasing temperature
differed with geographic population.
While the rate of increase of poikilothermous animals depends
on the metabolic rate, which increases with temperature, the net
reproductive rate should be, in theory, unchanged by temperature
(Fanestil and Barrows 1965; Meadow and Barrows 1971). In fact,
the net reproductive rates of most tested rotifer species such as
Lecane luna, L. quadridentata, B. urceolaris, B. rubens, B. forcatus and
B. caudatus were signiﬁcantly affected by temperature (Perez-
Legaspi and Rico-Martı´nez 1998; Xi and Huang 2000; Hu et al.
2008; Tao et al. 2008). As far as the rotifer strains were concerned,
the reaction in net reproductive rate of the aquatic strains
(P, C and F strains) of M. quadricornifera to increasing temperature
was similar but linear, while that of the moss strains (M1 and
M2 strains) seemed to be at random (Ricci 1991). Although the net
reproductive rate of Wuhu strain of B. calyciﬂorus remained
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Guangzhou strain was the highest at 25 1C but the lowest at
20 1C, and that of Qingdao strain decreased signiﬁcantly with
increase in temperature (Xi et al. 2005). Similar diversity of the
response in net reproductive rates of geographic populations to
increasing temperature was observed in the present study.
The effect of temperature on survival, development and
reproduction of rotifers was not only population-dependent but
also the result of plasticity through indirect effects of the changes
in body size and egg volume, which was demonstrated by the
present results that life expectancy at hatching, generation time
and net reproductive rate were all signiﬁcantly correlated with
both body size and egg volume of the rotifers.
The intrinsic rate of population increase is a comprehensive
parameter including age-speciﬁc survival and fecundity, age at
maturity and reproductive interval; hence, it is not surprising that
temperature has a signiﬁcant inﬂuence on this parameter. The
results available now showed that the effect of temperature on the
intrinsic rate of population increase of rotifers was not only
genotype or population-dependent (Perez-Legaspi and Rico-
Martı´nez 1998; Ricci 1991; Dong et al. 2004; Hu et al. 2008;
Tao et al. 2008) but also the result of plasticity through indirect
effects of the changes in body size and egg size (Stelzer 2002).
Identical results were obtained in the present study.
Mictic female production is a prerequisite for resting egg
production, and is modulated by internal and external factors.
Among external factors thus far shown to inﬂuence mictic female
production, crowding (high population density) is now known to
be the signal for induction of mictic females in four species of
Brachionus, two species of Epiphanes, Rhinoglena frontalis and
Synchaeta tremula (Gilbert 1963, 2002, 2003a ,b, 2004; Hino and
Hirano 1976; Carmona et al. 1993; Pourriot and Rougier 1999;
Stelzer and Snell 2003, 2006; Schro¨der and Gilbert 2004;
Timmeremeyer and Stelzer 2006), dietary tocopherol is the
prerequisite signal in four species of Asplanchna (Gilbert and
Thompson, 1968; Gilbert 1980, 1992; Gilbert and Confer 1986),
and long photoperiod is the cue in Notommata and Trichocerca
(Pourriot 1963; Clement and Pourriot 1973). In addition, high
population density – mediated by a chemical released by
A. brightwelli and A. sieboldi – increases the response to dietary
tocopherol (Birky 1969) but decreases the response in N. copeus to
long photoperiod (Clement and Pourriot 1973). The most
important internal factors include age, genotype and partheno-
genetic generations of parental female (Gilbert 1977, 1980, 2003b;
Pourriot and Clement 1981; Xi et al. 2002; Schro¨der and Gilbert
2004; Xi et al. 2004; Fussmann and Gregory 2007; Gilbert and
Schro¨der 2007). The mictic female production of B. calyciﬂorus,
B. plicatilis and Notommata copeus is to some extent under genetic
control (Gilbert 1977; Hino and Hirano 1977; Pourriot and
Clement 1977; Snell and Hoff 1985; Hagiwara et al. 1988).
Similarly, in the present study, we found that the proportion of
sexual offspring produced by B. calyciﬂorus was markedly
inﬂuenced by geographic population.
The higher proportion of sexual offspring produced by each of
the geographic populations of B. calyciﬂorus might lead to higher
resting egg production, and thus to wide spread of the rotifers
among the eight geographic regions. Ricci (1991) thought that the
differences in life history characteristics among different strains
might be attributed to the genetic adaptation to local environ-
mental pressure or phenotypic plasticity of a sort of ‘‘general
purpose’’ genotype. Similarly, the differences in life table
demography among the eight geographic populations of
B. calyciﬂorus from China might be regarded as the results of
adaptation to the different environmental conditions faced by
them in the ﬁeld. Although all the eight geographic populations of
B. calyciﬂorus used in the present study had been cultured in anidentical laboratory environment for over 3 months before the
present study commenced, the signiﬁcant effects of geographic
population on all the life table demographic parameters of
the rotifers might indicate that their differences in life table
demography are primarily genetically determined.Acknowledgments
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